The microwave emission of the positive column of a low pressure discharge in a magnetic field is investigated by means of a 10 000 Mc/sec radiometer. The radiation intensity as a function of the longitudinal magnetic field shows a number of peaks near the electron cyclotron harmonic frequencies. The measurements are performed for noble gases in the pressure range from 10 to 10Torr at electron densities varying from 10® to 10 13 cm -" 3 . In order to compare the experimental results with a theoretical investigation performed by one of the authors 12 , the emission of harmonics was observed in dependence on the electron density. A satisfactory agreement between theory and experiment is shown.
I. Introduction
The microwave emission of a low pressure plasma in a magnetic field is found to exhibit a number of peaks near the electron cyclotron harmonic frequencies. This phenomenon was first observed by LAN-DAUER 1 using a PIG discharge. Meanwhile, the emission and absorption resonances near the cyclotron harmonics have been investigated by several workers 2-7 using various techniques as well as various techniques as well as various sources of plasma.
Our investigations reported in this paper are performed on the positive column of a hot cathode discharge in neon, argon, and krypton. Various theo-retical explanations of the phenomena observed were given in the past. CANNOBIO et al. 8 and recently STONE et al. 9 showed that the harmonics can be understood by assuming longitudinal waves excited by fast electrons. DAWSON et al. 10 gave another explanation considering a jump in the density distribution. In these mentioned papers 8_1°, it had to be assumed that the plasma frequency cop is higher than the electron cyclotron frequency coc, in order to obtain an emission of higher harmonics at all. Furthermore a mechanism for the transformation of the longitudinal waves into transverse waves must be introduced additionally n . Another explanation, considering the direct excitation of transverse waves in the plasma, was given by one of the authors 12 . In this theory it is not necessary to assume a limiting electron density condition as well as no transformation mechanism must be introduced.
The following investigation was undertaken in order to test the various explanations for the observed resonances. In this connection we were especially interested in the dependence of the measured harmonic intensity on the electron density. We have found that the resonances also appear at low electron densities. In these cases, the plasma frequency is lower than the frequency of radiation.
II. Experimental Arrangement

The Discharge Tube
The weakly ionized plasma is generated by a hot cathode discharge in a quartz tube of 20 mm diameter and 50 cm length, filled with neon, argon or krypton at a pressure varying from 10 to 10 -2 Torr. Before filling the tube with the noble gas it was prepared on a vacuum system as usual. The dc tube current /e was varied from 10~3 to 3.0 amp., yielding electron densities in the range of 10 9 to 10 13 cm -3 . The tube is placed coaxially in the center of a solenoid with a maximum magnetic field of 3.4 kG, as shown in Fig. 1 . The electrodes of the tube are situated outside the magnetic field. 
Radiation Measurements
A part of the positive column of the discharge is located within a rectangular //10-waveguide, the axis of which is perpendicular to the magnetic field. We have observed the ordinary wave, that is, the rf electric vector in the guide was orientated parallel to the magnetic field. This orientation was selected because we are especially interested in the emission of cyclotron harmonics and not in an investigation of the hybrid resonance radiation 13 . A further advantage of this orientation is its immediate use for electron density measurements (see below).
The microwave radiation propagating down the waveguide was measured by means of a 10 Gc/sec radiometer of the superheterodyne type. The receiver shown in Fig. 1 with an overall noise figure of about 8 dB is operated at a fixed frequency of co/ (2 ji) = 9340 Mc/sec with a 4 Mc/sec bandwidth Af. It was calibrated against a noise standard of known radiation temperature. Power levels down to 10~1 4 w could be measured with the radiometer shown in Fig. 1 . In some cases it was necessary to increase the sensitivity of the receiver down to 10 -16 w. This was achieved by the use of phase sensitive detection. For this purpose the microwave intensity was modulated in amplitude by the diode switch and the detector in Fig. 1 was followed by a lock-in-amplifier to demodulate the received power.
In both cases the radiation pattern, that is the radiometer output as a function of the magnetic field, was displayed on a recorder.
Electron Density Measurements
Recording the radiation patterns for various plasma parameters such as neutral gas pressure, discharge current and the chemical nature of the noble gas used in the test tube, we were especially interested in an accurate determination of the electron density. Hence the following three different methods were used for these measurements:
The first was a cavity method 14 giving; the average electron density of the emitting low pressure column by means of the frequency detuning of a //011-cavity, resonating at 10 Gc/sec. The cavity is located outside the magnetic field in front of the anode of the tube as shown in Fig. 1 .
The second method consists of the measurement of the noise power radiated from the discharge with zero magnetic field as a function of the discharge current. As BEKEFI et al. 15 have shown for the case of electron-atom collisions, the dependence of the noise power P on electron density ne falls into three regions:
a) The transparent region with a linear increase of the noise power P with electron density; b) the semiopaque region with a nonlinear increase that occurs in the vicinity of ((Op/a>) 2 = 1 -(A/Ac) 2 (Ac is the cutoff wavelength of the waveguide), and c) the opaque region. In this region the noise power is essentially density independent.
The transition from the transparent region to the opaque region with increasing discharge current then gives a correlation between the discharge current and the plasma frequency.
The cavity method and the noise power radiation method essentially agreed in the determination of the electron density. It is to be noted that both methods give the average electron density of the plasma column outside the magnetic field and that all the data of electron density given in terms of (l0v/(0) 2 in the next sections refer to these measurements with zero magnetic field.
For the determination of the electron density in the presence of the magnetic field, a third method was applied. It consists of the measurement of the power absorbed by the plasma. For this purpose the termination in Fig. 1 was replaced by a signal generator feeding a constant microwave power of 10~6 w into the plasma. The absorption of the plasma could then be inferred from the power transmitted through the plasma indicated by the receiver.
III. Results of Measurements
Electron density measurements
The noise power P radiated from a krypton plasma with zero magnetic field at various neutral gas pressures is plotted in Fig. 2 as a function of the discharge current /e. We note that in this typical example the dependence of the noise power on the electron density falls into three regions described in the previous section. Along the lower abscissa the electron density is plotted in terms of (cop/co) 2 as measured by the cavity method in a 5 -10~2 Torr krypton plasma (curve c). The vertical dashed line at (cop/co) 2 = 1 -(X/Xc) 2 meets curve c in Fig. 2 in the semiopaque region 15 , showing the good agreement of both measuring methods.
When the plasma column is within a longitudinal magnetic field, the axial electron density is increased and the radial electron density distribution is altered.
The experimental study of BICKERTON et al. 16 has shown, e. g., that in a helium plasma (p = 0.048 Torr) the axial electron density is increased by a factor of 3 when the magnetic field is raised from 0 to 500 G, corresponding to the 6th harmonic in our case.
To determine this increase in electron density in our experiments, the microwave power absorbed by the plasma in the magnetic field was measured. Fig. 3 shows the attenuation a calculated from the theory for plasma-filled waveguides 17 as well as a measured attenuation curve as a function of the electron density. In the case of orientation of the electric, the magnetic, and the propagation vectors as described above, the wave propagation is not directly in- 
Radiation measurements
In Fig. 5 , three examples of characteristic radiation patterns N(wjoo) are given for neon and argon.
It is seen from this plot that a number of small resonant peaks near the cyclotron harmonics ojJoj = 1 fn are superimposed on an emission background. To explain this background radiation we refer back to density, depending on the magnitude of the magnetic field. Considering curve "a" in Fig. 5 , it is seen that in the region 0 < coc/co < J the plasma is transparent, whereas for higher magnetic fields it reaches the opaque limit. In the range y^ <coc/co<^, the electron density is increased by a factor of 2 from (o_>p/a>) 2 = 0.35 to 0.7. Curve ,,c" in Fig. 5 shows a steeper increase of the background radiation, consistent with the electron density measurements for an argon plasma. The decrease of the radiation intensity at higher magnetic fields is probably caused by an instability or by a quenching of the plasma column.
As to the resonant peaks, it is seen that the amplitudes of the harmonics are small compared to the background radiation.
In Torr the peaks up to the 10th harmonic could be observed. All the measurements were performed in the transparent or semiopaque region of the plasma.
To obtain the real intensity of the harmonics, the electron-atom collision radiation background was subtracted from the measured radiation patterns. In Fig. 7 the harmonic intensity I emitted from a neon plasma "with an initial electron density of (cop/co)' 2 = 0.3 is given as a function of co/co c . This plot was taken from a recorded radiation pattern 7V(coc/co) by inverting the scale of the abscissa and by reducing the measured radiation by the background emission. Fig. 7 shows that the radiation intensity of the successive peaks decreases with decreasing magnetic field, if the frequency of observation is considered constant. This decrease in intensity is caused by two effects which cannot directly be separated in our experiments: The first is a reduction in electron density as the magnetic field is decreased to record the higher harmonics; the second is predicted by the theory of the magnetic bremsstrahlung 12 , because the frequency integrated intensity is proportional to the magnetic field intensity. c) As to the dependence of the harmonic intensity on the initial electron density, Fig. 8 shows that it gradually increases with increasing electron density. Please note that the (cop/co) 2 -scale in Fig. 8 must be multiplied by a constant factor in order to obtain the real electron density at a discrete harmonic. For the third harmonic, e. g., we have shown in Section 1 that the factor is of the order of 2.0. Considering this, it is seen from Fig. 8 that all the measurements were carried out in the electron density range (cop/ft)) 2 <l. The highest intensity is found for the third harmonic to be of the order of10~2° w/c sec.
The plot of the amplitudes of the first seven resonances for an argon and a krypton plasma of low gas pressure is similar to that shown in Fig. 8 . For all investigated gases it is further found that the magnitude of the gas pressure has a small influence on the intensity of a discrete harmonic, provided the pressure is low enough (p<0.1 Torr).
IV. Discussion of Results
Comparison with previous experiments
We compare the experimental results described above with our theory of the bremsstrahlung in a In the last section, we compare our experimental results with this theory.
Comparison with the theory of bremsstrahlung in a magnetic field
An important fact is that the harmonics could be found in a transparent plasma at low electron densities (cop/co) 2 <l. At these low densities the other first approximation by a test particle assumption.
For the most general case only numerical solutions for the intensity distribution are available. In conclusion, we express our gratitude to Prof. Dr. W. KLUGE for his interest in this work, and to the Deutsche Forschungsgemeinschaft for financial support. In a cylindrically symmetric hydrogen arc discharge located in an axial magnetic field, pressure is increased in the inner region, where ionization occurs. Measurements were made with initial pressures of 7.5 and 15 torr, with temperatures between 8000 and 12 000 °K, and with magnetic inductions of 8.5 and 12.5 kGauss. A mercury gauge was connected to a small opening in the anode to measure the radial pressure distribution in the plasma. Temperatures and electron densities were determined spectroscopically. The SAHA equation was found to be applicable in this case. Therefore, experimental results can be compared with theory based on the SAHA equation. 
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